The suppressor of Hairy wing (su(Hw)) protein inhibits the function of transcrtptlonal enhancers located distally from the promoter with respect to the location of su(Hw)-binding sites. This polarity is due to the ability of the su(Hw)-binding region to form a chromatin lnsulator. Mutations in mod/f/or of mdg4 (mod (mdg4)) enhance the effect of su (Hw) (mdg4) proteln, su(Hw) exerts a bidirectional silencing effect, whereas In the presence of mod(mdg4), the sllenclng effect is transformed into unldirectlonal repression.
Introduction
Insertions of the Drosophila melanogaster gypsy retrotransposon result in mutations whose phenotype is controlled by the allelic state of the suppressor of Hairy wing (su(Hw)) gene. The protein encoded by su(Hw) contains 12 copies of the zinc finger motif that mediate its interaction with gypsy sequences located in the transcribed untranslated region of this element (Parkhurst et al., 1988; Spana et al., 1988; Mazo et al., 1989; Spana and Corces, 1999) . The su(Hw)-binding region is composed of 12 copies of a sequence similar to the octamer motif present in enhancers of various vertebrate genes (Geyer et al., 1988; Peifer and Bender, 1988; Mazo et al., 1989) . Binding of the su(Hw) protein togypsysequences results in the inactivation of the expression of adjacent genes. This inactivation is not complete; rather, it affects gene expression in only specific tissues and stages of development. For example, insertion of gypsy into the yellow (y) gene in the yz allele results in flies that display normal pigmentation during larval development, whereas the adults have normal coloration of the bristles and mutant coloration of the wing and body cuticle (reviewed by Corces and Geyer, 1991) . This tissue specificity is due to the inactivation of particular enhancers controlling y expression in the mutant tissues by the presence of su(Hw) protein bound to gypsy sequences (Geyer and Corces, 1992) . The repressive effect of su(Hw) on enhancer function shows an interesting polarity: only enhancers located distally from the promoter with respect to the su(Hw) insertion site are affected by the presence of this protein. This polarity must be a consequence of the basic mechanisms by which enhancers affect transcription and su(Hw) affects enhancer function (Comes and Geyer, 1991; Holdridge and Dorsett, 1991; Jack et al., 1991; Geyer and Corces, 1992) . In addition to this enhancer-blocking function, the su(Hw) protein can insulate a gene from the repressive effect of heterochromatic sequences when its binding region is placed flanking the boundaries of the gene (Roseman et al., 1993) . These two properties of su(Hw) highlight the functional similarities between the su(Hw)-binding region and chromosomal insulators that prevent the transmission of structural conformations of chromatin responsible for the establishment of repressed or active chromosomal domains (Kellum and Schedl, 1991; Chung et al., 1993) . These similarities suggest that the normal role of the su(Hw) protein might be to delineate the boundaries of higher order chromatin domains that determine levels of gene activity by creating a chromatin insulator (reviewed by Wolffe, 1994) .
Other than the zinc finger8 that mediate the interaction of the su(Hw) protein with DNA, there areseveral structural motif8 that suggest that its role in enhancer repression must depend on the interaction of su(Hw) with other cellular proteins. In particular, su(Hw) contains a leucine zipper region highly homologous to the helix P-leucine zipper region of basic-helix-loop-helix-leucine zipper proteins. This protein domain has been shown to be essential for the polar repressive effect of su(Hw) on enhancer function (Harrison et al., 1993) . The su(Hw) protein also contains two acidic domains located in the amino-and carboxyterminal ends of the protein (Parkhurst et al., 1988) . Deletion of either of these two domains has no effect on the functionality of su(Hw), but simultaneous obliteration of both acidic regions gives rise to a su(Hw) protein unable to exert the polar repressive effect on enhancer function (Harrison et al., 1993) .
These results suggest that the effect of su(Hw) on gene expression is mediated by acidic and leucine zipper domains known to play roles in protein-protein interactions. Analysis of the size of su(Hw) in solution indicates that this protein is a monomer (D. A. G. and V. G. C., unpublished data) , suggesting that su(Hw) might exert its effects on enhancer function by interacting with other factors through its acidic domains, leucine zipper domains, or both. These factors might represent the functional components of the nucleoprotein complexes known as insulators that create boundaries between domains of chromatin structure. Here we report the genetic characterization of one such protein encoded by the modifier of mdg4 (mod(mdg4)) gene. Mutations in mod(mdg4) result in varie- by a triangle. The yW mutation was made in vitro by inserting the su(Hw)-binding region at -800 from the transcription start site of the y gene; the resulting plasmid was then inserted into y flies by germline transformation (Geyer and Corces, 1992) . (B) The structure of the su(Hw) gene and the lesions in each of the su(Hw) mutations described in the text are presented diagramatically. The stippled boxed regions on the transcript represent the sequences encoding the acidic domains. The closed spikes represent zinc finger domains, and the circle represents the leucine zipper region. The arrows, above and below the representation of the su(Hw) transcript, delineate portions of the encoded protein that are lacking in the particular mutations. gated enhancement of phenotypes caused by gypsyinduced mutations, as well as enhancement of variegated phenotypes caused by heterochromatic rearrangements. Genetic and molecular analyses of the interactions between mod(mdg4) and specific su(Hw) alleles affecting the various structural domains described above indicate that the mod(mdg4) protein interacts with su(Hw) to mediate the effect of this protein on enhancer function. We propose a model suggesting that the su(Hw) protein might cause heterochromatization of adjacent sequences, and the role of mod(mdg4) is to make this effect unidirectional bycreating a chromatin insulator.
Results
The mod(rndg4) Mutation Acts at the Level of Transcription Mutations in the rpd(mdg4) gene enhance the phenotype of the v2 allele caused by insertion of the gypsy element at -799 bp from the transcription start site ( Figure 1A ) (Geyer et al., 1989) . The 3 mutation shows abnormal pigmentation of the wings and body cuticle of the adult (see Figure 2 ) but all other larval and adult cuticular structures, such as the bristles and tarsal claws, display wild-type pigmentation (Table 1) . The expression of y in those tissues affected by the presence of the gypsy element is controlled by enhancers located upstream of the gypsy insertion site, whereas expression in tissues that display normal coloration is controlled by enhancers located downstream of the position of gypsy insertion or in the intron ( Figure 1A ) (Geyer and Corces, 1987; Martin et al., 1989) . The mod(mdg4p' mutation enhances the yz phenotype by causing lack of y expression in all tissues of the larva and adult (Figure 2 ; Table 1 ). To test whether this effect takes place at the transcription level, the amount of y RNA present in v' and y'; mod(mdg4)"' flies was determined by Northern blot analysis of poly(A)+ RNA obtained from pupal tissues. Figure 3 indicates that f flies accumulate low levels of y RNA during pupal development; this RNA is due to expression of the y gene in tissues such as the bristles, hairs, and tarsal claws. In the presence of the mod(mdg4)"' mutation, the levels of y transcript are undetectable, suggesting that mod(mdg4) affects y expression at the level of transcription or RNA stability.
We have isolated four different mutant alleles of the qm@4J gene. Two mutations, designated mod(mdg4J" and mod(mdg4)"2, arose in an unstable strain in which the Stalker retrotransposon was mobilized at high frequency (Georgiev and Gerasimova, 1989) . The phenotypic effect of mod(mdg4J" is slightly weaker when homozygous or when in combination with a deficiency of the region, suggesting that this allele is not a complete null (data not shown). The effect on gypsy-induced phenotypes is less pronounced in the case of mod(mdg4?*, suggesting that this second mutation is a hypomorph. The mod(mdg4)" allele was obtained by ethyl methanesulfonate mutagenesis; it displays an embryonic lethal phenotype, and it probably represents the null state of the mod(mdg4) gene. A fourth mutation, mod(mdg4F2 , was obtained by excision of a P element located in the adjacent tinman gene; this allele is probably caused by a small deletion that includes both mod(mdg4) and tinman. The mod(mdg4)u' allele was used in all the studies described below; it is caused by the insertion of the Stalker element into an exon of the main mod(mdg4) transcription unit (see below). For the purpose of the discussion of results presented here, we will assume that most of the mod(mdg4)-encoded proteins are absent in this mutant. Therefore, the enhancement of the y phenotype of the 3 allele observed in the presence of the mod(mdg4)"' mutation can be interpreted as the result of the effect of the su(Hw) protein on y transcription in the presence of very low amounts of the product of the mod(mdg4) gene.
The Mod(mdg4) Protein Acts through the Su(Hw)-Binding Region Mutations in the mod(mdg4) gene affect the phenotype of gypsy-induced mutations in genes other than y, but do not on which each RNA sample was prepared. Days 9,10, and 11 correspond to the last 3 days of pupal development at 22.5%. The lower part of the figure represents the same filter probed with the Drosophila ras2 gene to account for equal loading of the samples.
affect the phenotype of ymutations caused by events other than gypsy insertion (Georgiev and Gerasimova, 1989) . To understand the mechanisms by which the lack of mod(mdg4) protein affects y expression, we have analyzed the effect of mutations in this gene on various gypsyinduced y mutations and its derivatives (summarized in Table 1 ). y+lMc is a revertant of y* caused by excision of thegypsyelement by homologous recombination between the two long terminal repeats (LTRs); this revertant contains one gypsy LTR at the same location where gypsy is inserted in v' (see Figure 1 ) and shows wild-type coloration of all cuticular structures (Table 1) . Mutations in mod(mdg4) fail to enhance the y phenotype of this revertant (Table l), suggesting that gypsy sequences other than the LTRs are necessary for the mod(mdg4) mutation to affect y expression. Further insights into the nature of thegypsysequences that mediate the effect of mod(mdg4) on y transcription were obtained by analyzing the y+2Mc mutation, a complete revertant of v' caused by a deletion of the su(Hw)-binding region between nucleotides 501 and 1046 (see Marlor et al., 1986 , for a description of the structure of the gypsy element) concomitant with the insertion of a jockey element (see Figure 1A ). As one might expect from the complete absence of su(Hw)-binding sites, the phenotype of this revertant is wild type. In spite of the presence of all other gypsy sequences, mutations in mod(mdg4) fail to enhance the phenotype of y+"" flies (Table l) , supporting the hypothesis that the su(Hw)-binding region is necessary for the effect of mod(mdg4) on y expression. To exclude the possibility that the lack of an effect by mod(mdg4) was due to the presence of jockey sequences in Y+*~, this conclusion was further confirmed by the analysis of two y mutations that contain partial deletions in the su(Hw)-binding region. The pm mutation lacks 8 of the 12 su(Hw)-binding sites (Smith and Corces, 1992) and has a partial y' phenotype in which the bristles and tarsal claws are wild type but the wings and body cuticle show levels of pigmentation intermediate between those observed in y2and those obsenred in wild-type flies (see Figure 2 ). Mutations in mod(mdg4J are unable to enhance the y phenotype of this mutation to the same level as that of y2: the tarsal claws are wild type, whereas the bristles show levels of pigmentation intermediate between wild type and f (Table l) , and the coloration of the wing and abdomen increases to almost normal levels (see Figure 2 ). Further deletion of all 12 su(Hw)-binding sites in the pz7 mutation (Smith and Corces, 1992; see Figure  1 A) results in flies that display normal coloration of all cuticular structures. Mutations in mod(mdg4J are unable to enhance the phenotype of this mutation by repressing the expression of the y gene (Table 1) . These results indicate thattheenhancement of theyphenotypeofgypsy-induced alleles by mutations in mod(mdg4J requires an intact su(Hw)-binding region. This conclusion suggests that the mod(mdg4) protein might act by binding to the same sequences of gypsy as su(Hw) or by directly interacting with this protein.
The Su(Hw)-Binding
Region Is Sufficient for the Enhancement of the Y Phenotype by mod(mdM Results presented above indicate that the su(Hw)-binding region of gypsy is necessary for the repression of yexpression by mutations in mod(mdg4). To test whether this sequence is also sufficient for this phenomenon, we analyzed the effect of the mod(mdg4)u' allele on the phenotype of the y-"" mutation. This y mutation was constructed by inserting a 430 bp region containing all 12 su(Hw)-binding sites present in gypsy into the 5' region of thd y gene, at position -800 from the transcription start site (see Figure  1 ; see also Geyer and Corces, 1992) . Flies containing this y locus show the same levels and pattern of cuticular pig mentation as the y2 mutation (Table 1 ). In the presence of the mod(mdg4)y' allele, the phenotype of these flies is enhanced to that of a y-null allele; i.e., all cuticular structures of the larva and adult display complete absence of pigmentation (Table 1) . Therefore, the yW mutation behaves as f in its response to mod(mdg4), suggesting that sequences of gypsy other than the su(Hw)-binding region are not required for the effect of mod(mdg4) mutations on y expression, and that the su(Hw)-binding sites are not only necessary but also sufficient for this effect.
The Mod(mdg4) Protein Might Interact with Su(Hw) Since the su(Hw)-binding region plays an essential role in mediating the effect of mod(mdg4) mutations on yexpression, two alternative explanations can be put forward to explain this phenomenon.
One possibility is that the mod(mdg4) protein interacts directly with DNA and binds to sequences in the su(Hw)-binding region. A second possibility is that the mod(mdg4) protein might directly interact with su(Hw). To differentiate between these two alternatives, we analyzed the epistatic relationship between mutations in these two genes.
The su(Hw)Vallele is a null mutation that contains adeletion of the 5' half of the su(/-/wJ gene. Flies carrying this allele are unable to make any su(Hw) protein (Hirrison et al., 1993) , and therefore this mutation completely suppresses they' phenotype (Table 2 ). In the presence of this mutation, the mod(mdg4)"' allele fails to enhance the y phenotype of 4 flies ( Table 2 ). This result indicates that the effect of mod(mdg4) mutations on y expression requires not only an intact su(Hw)-binding region, but also the presence of su(Hw) protein. Therefore, either mod(mdg4) protein interacts with the su(Hw)-binding region but requires previous binding of su(Hw) to adjacent sequences, or it interacts with the su(Hw) protein itself. Results obtained with purified mod(mdg4) protein support the later prediction (see below).
The Leucine Zipper and Acidic Domains of Su(Hw) Are Important for Its Bidirectional Repression of y Expression To gain further understanding of the mechanisms by which the mod(mdg4) protein interacts with su(Hw) to transform its bidirectional effect on y expression into a polar effect that influences only distal enhancers, we have analyzed the interactions between mod(mdg4J'1 and su(Hw) alleles that affect specific domains of the protein. The protein encoded by the SU(/+W~~ allele lacks 19 amino acids in the leucine zipper region of su(Hw), giving rise to a nonfunctional protein that can bind DNA but is unable to repress y expression (Table 2 ). This domain of su(Hw) is therefore essential for its polar effect on enhancer function. In the presence of this mutation, mod(mdg4)"' cannot enhance the phenotype of 3, suggesting that the su(Hw) protein also requires a functional leucine zipper for its bidirectional effect on gene expression in the absence of mod(mdg4) ( Table 2 ). This result was confirmed by a second mutation that affects the leucine zipper domain of the su(Hw) protein. The SU(HWY.~~" allele is caused by a point mutation in the leucine zipper region that results in a change of the last leucine in the zipper to a lysine (Harrison et al., 1993) . This mutation does not affect the interaction of su(Hw) with DNA, but impairs the ability of this protein to repress enhancer function in a polar fashion. The cuticle coloration of the double mutant y$ st~(Hw)"~ mod(mdg4)u' is wild type (Table 2) indicating that the ability of mo#mc&M) mutations to enhance the gypsy-induced y phenotype requires a su(Hw) protein containing an intact leucine zipper domain. Since this motif mediates protein-protein interactions, this result suggests that either the mod(mdg4) protein directly interacts with su(Hw) through this domain, or it interacts with other region of su(Hw) to modulate its interaction with other proteins through this domain.
In addition to the leucine zipper motif, the su(Hw) protein contains a large acidic domain in the amino-terminal region that is deleted in the product of the s~(/-iw)d'~ mutation. This deletion does not affect the functionality of the su(Hw) protein, which is still able to repress y enhancer function in the wings and body cuticle (see Figure 2 ; Table  2 ). In the presence of this mutation and mod(mdg4)"', the phenotype of the bristles and tarsal claws is enhanced, and yexpression in these tissues decreases, although not to the levels of a null mutation (Table 2 ). In addition, y expression in the wing and abdomen increases to levels intermediate between those observed in f and wild type (see Figure 2 ; Table 2 ). The same type of effect, although not as pronounced, can be observed with the su(Hwy allele, the encoded protein of which lacks the carboxyterminal acidic domain. The SUM protein is only partially functional and can repress the wing enhancer, but expression of y in the body cuticle is almost normal (see Figure 2 ; Table 2 ). In the presence of mod(mdg4)"', y expression in the body and wings is intermediate between null mutant and wild-type levels, whereas y expression in the bristles and tarsal claws is normal (Table 2) . These results indicate that the acidic domains of su(Hw) play an important role in the bidirectional repression of enhancer function by su(Hw) in the absence of the mod(mdg4) protein. These domains might not be required for the normal function of su(Hw) in amod(mdg4J+ background, because the acidic domain of this protein can supply the function required by su(Hw). The fact that, in the absence of either acidic domain, the su(Hw) protein has still some effect on yexpression suggests that these two regions of the protein might act synergistically in eliciting its repressive effect on transcription.
When both acidic domains of su(Hw) are deleted simultaneously, as in the su(/fwpm mutation, the su(Hw) protein is unable to exert a repressive polar effect on gene expression (Table 2) . Mutations in mod(mdg4) are also unable to enhance the y phenotype of 3 in the presence of this allele of su(Hw) ( Table 2 ). This result indicates that the acidic domains of the su(Hw) protein are involved in exerting a unidirectional effect on enhancer function in the presence of mod(mdg4) protein, and a bidirectional effect in its absence. These domains might be required in order to modulate interactions between su(Hw) and mod(mdg4) that eventually lead to the polar effect on enhancer function.
Mutations In the mod(mdg4) Gene Act as Enhancers of Position-Effect Variegation In the absence of the mod(mdg4) protein, the polar effect of su(Hw) on enhancer function becomes bidirectional, suggesting that mod(mdg4) is responsible for establishing the directionality in the insulating effect of su(Hw). Further insights into the mechanisms by which the mod(mdg4) protein plays this role came from a detailed analysis of the phenotype of y2; mod(mds4)u7 flies. The coloration of adult cuticular structures in these flies does not become completely yellow; rather, it shows the characteristic variegated pattern typical of translocations of the y gene next to heterochromatin.
This effect increases when the flies are grown at 18% and decreases in the presence of a Y chromosome, as has been observed for variegating phenotypes due to heterochromatic rearrangements. Details of this phenotype are shown in Figure 4 . Figure 48 shows a wild type-colored bristle in the scutellum of a y2; mod(md94)u7 fly in the background of yellow bristles; Figure 4D shows a close-up of the tip of the abdomen of a y$ mod(mdg4)"' male in which dots of darkly pigmented cuticle can be observed in the background of mutantcolored cuticle characteristic of a f fly. These results indicate that the mod(mdg4) mutation causes variegation of they' phenotype and suggest that lack of mod(mdg4) protein in this mutant results in the formation of a heterochromatin-like conformation in the chromatin adjacent to the su(Hw)-binding region. To test whether the effect of mutations in mod(mdg4) on variegating phenotypes is limited to those caused by su(Hw) or whether mod(mdg4) has a more general role on phenotypes caused by heterochromatic rearrangements, we tested the effect of mutations in this gene on the phenotype of white-mottled 4 (w"). This mutation is caused by an inversion that brings sequences of the w gene close to the heterochromatin on the base of the X chromosome, resulting in a weak w phenotype characterized by red dots in a brown eye color background ( Figure 4E ) (Lindsley and Zimm, 1992) . In the presence of a mutation in the mod(mdg4) gene, this effect is enhanced, and the eyes appear yellow with orange spots. This type of enhancement is characteristic of mutations in genes that are en- hancers of position-effect variegation, suggesting that the mod(mdg4) protein might play a general role in the establishment of chromatin structure in heterochromatic regions. This effect was observed with all three of the alleles mod(mdg4p1, mod(mdg4p2, and mod(mdg4y2. The mod(mdg4y7 and mod(mdg4y2 mutations act as weak enhancers of the w"4 phenotype as heterozygotes, and they have a strong effect as homozygotes, whereas mod(mdg4~z acts as a strong dominant enhancer. The enhancement of the variegating eye phenotype observed in the mod(mdg4) mutant suggests that the normal role of the mod(mdg4) protein might be to repress the formation of heterochromatin.
This role at the y gene is mediated by the su(Hw) protein, and in the absence of this protein, mod(mdg4) has no effect on y gene expression. To test whether the effect of mod(mdg4) protein on phenotypes resulting from heterochromatic rearrangements is also mediated by su(/fw), we tested the effect of null mutations in this gene on the phenotype of w"4; mod(mdg4)"' flies. Figure 4F shows that in the absence of su(Hw) protein, a mutation in mod(mdg4) fails to enhance the variegating phenotype of We. Furthermore, the eye phenotype of these flies returns to wild type, indicating that, in the absence of su(Hw) protein, there is no effect of heterochromatin on the rearranged w gene. This result suggests that the variegating phenotype of W4 is caused by the su(Hw) protein. Mutations in mod(mdg4) also act as enhancers of variegation in the case of the variegating y+" allele (data not shown) (see Lindsley and Zimm [1992] for a description of this mutant), suggesting that the effect is general rather than specific for the wm4 mutation.
Molecular Analysis of the mod(mdg4) Gene
The mod(mdg4y' and mod(mdg4)"2 alleles were obtained in a strain in which mobilization of the stalker retrotransposon was activated; other spontaneous mutations in various genes obtained in this strain were caused by insertion of Stalker, suggesting that the mod(mdg4) mutations were also caused by insertion of this element (Georgiev and Gerasimova, 1989) . The mod(mdg4) gene was mapped by genetic recombination to the third chromosome, within 0.1 map units of the ebony gene. Deletion mapping indicates that mod(mdg4) fails to complement the M(3R) eGp4 and M(3R)GC74 deficiencies (Mohler and Pardue, 1982) suggesting that this gene is located in the 93D7 region of the third chromosome. In situ hybridization of the Stalker element to polytene chromosomes of the mod(mdg4p' and mod(mdg4y12 strains shows the presence of this element in chromosomal subdivision 9307 (data not shown). Furthermore, in situ hybridization of Stalker to polytene chromosomes of larvae of the genotypes M(3R) eGp4/ mo@m@#pl and Df(3R)GC14/~~4)"1 show the presence of this retrotransposon in the mod(mdg4)"' chromosome, in the region of asynapse caused by the presence of a deletion in the other homolog (data not shown). These results support the hypothesis that the mod(mdg4)"' and mod(mdg4)"2 alleles are caused by SWker insertion. Because of the difficulties in isolating the mod(mdg4) gene by transposon tagging due to the high copy number of Stalker elements in the heterochromatin of the two mutant strains, we initiated a chromosomal walk from the homeobox-containing gene tinman located in the 93El region (Azpiazu and Frasch, 1993) . Sequences homologous to theSta/kerelementwerefound withintwostepsof initiating the walk. Figure 5A shows a restriction map of the DNA sequences surrounding the insertion of Stalker into this region in the mod(mdg4)"' mutation. The mod(mdg4)"' allele is also caused by the insertion of stalker within this region, but its exact location has not been determined.
DNA sequences adjacent to the Stalker insertion site were used as hybridization probes to examine the location of putative transcription units in the region, and the relative accumulation of encoded RNAs in wild-type and mod(mdg4Yl flies was examined. Figure 8 shows the result of a Northern blot analysis of poly(A)+ RNA from adult flies of these two strains. The wild-type Canton S strain accumulates a major 2.2 kb transcript and three minor RNA% of 2.8 kb, 1.9 kb, and 1.8 kb. Flies carrying the mod(mdg4)"' mutation still accumulate the 1.8 kb and perhaps the 2.8 kb transcripts, but the rest of the RNAs are not present. Instead, transcripts with altered mobility can be detected in the Northern blot. The main 2.2 kb RNA migrates with slightly higher mobility, suggesting that its expression might be altered at the level of splicing or termination (see below). These results suggest that the mod(mdg4) gene is contained within the sequences flanking the insertion site of the Stalker element. These sequences were then used to isolate cDNA clones from a plasmid cDNA library Hydrophobic amino acids capable of forming a leucine zipper are marked by a star. (Brown et al., 1989) . Three positive clones obtained were sequenced as well as the genomic region surrounding the Stalker insertion site. This sequence information has been deposited in the EMBL nucleic acid database. The organization of the transcription units encoded by the mod(mdg4) gene, deduced from the comparison of genomic and cDNA sequences, is shown in Figure 7 .
The three cDNAs characterized were named on the basis of the length of their encoded transcripts. The mod2.2 cDNA encodes the most abundant RNA, whereas the other two cDNAs encode some of the minor transcripts observed in the Northern blot shown in Figure 6 . The mod2.2 and mod7.9 cDNAs share most of the coding region, with the exception of 78 bp at the end of exon 5 and 46 bp at the beginning of exon 6. On the other hand, the sequence organization of mod7.8 is very different: this transcript has a different transcription start site and lacks the first three exons and the last one exon present in the other two RNAs. In addition, mod7.8 encodes a different Yexon. The Stalker transposable element is inserted into the last exon of the mod2.2 and mod7.9 transcripts, but into the last intron of the mod7.8 RNA. The 2.3 kb RNA observed in mod(mdg4)"' mutant flies could be caused by premature termination of transcription at polyadenylation Northern blot analysis of poly(A)' RNA from wild-type (Canton S) and modfmdg4J"' (modfmdg4)) flies. Poly(A)+ RNA from adult flies of these two strains (7 pg) was electrophoresed on an agarose-formaldehyde gel and blotted onto a Nytran membrane.
The filter was probed with the mod2.2 cDNA clone. The lower part of the panel represents the same filter probed with the Drosophila ras2 gene to ensure equal loading of the two samples. signals located in the 3'region of the Stalker element (data not shown). If this is the case, flies carrying this mutation might accumulate low levels of truncated proteins that could still be functional, suggesting that this allele might not represent the null state of the mod(mdg4) gene.
The deduced amino acid sequence of the putative proteins encoded by these RNAs is shown in Figure 58 (mdg4) fusion protein was applied. Line 2 contains the material retained in the column when purified su(Hw) protein was applied. Line 5 contains the input su(Hw) protein before affinity chromatography.
Line 4 contains the material retained in the column when su(Hw) and mod(mdg4) fusion proteins were incubated prior to the chromatography step. Line 3 contains the material retained in the column when the incubation step was carried out in the presence of 4M) mM NaCI.
(6.72 x lo4 M,), the modl.9 RNA encodes a putative protein of 520 residues (5.78 x 104 M,), and the mod7.8 transcript encodes a protein of 524 residues (5.69 x 104 M,). Sequence comparison between the mod(mdg4) proteins and those available in various databases indicates a perfect identity between the amino-and carboxy-terminal regions of the mod2.2 and modl.9 proteins and the partial sequence information reported for the protein encoded by the Enhancer of variegation gene E(var)3-93D (Dorn et al., 1993) . This result indicates that mod(mdg4~ and E(var)3-930 are in fact the same gene. This conclusion is also supported by the observed effects of mod(mdg4) mutations on the variegating phenotype of IV". The proteins encoded by the mod2.2 and mod7.9 RNAs contain in their amino termini a 115 amino acid motif named the BTB domain (named for three of the genes that encode it, the Broad complex, tramtrack, and brie-A-brat), found also in such transcription factors as the GAGA factor and the neuronal transcriptionfactor/o/a (Zollmanet al., 1994; Giniger et al., 1994) . Proteins that contain the BTB motif usually also contain zinc fingers or other domains involved in DNA binding; the mod(mdg4) proteins lack a recognizable DNA-binding domain, suggesting that they might not interact directly with DNA but rather might carry out their function by interacting with other proteins. Although the exact role of the BTB domain is not known, it is interesting to point out that within this domain there is a region with a predicted a-helical structure that contains hydrophobic residues arranged on one face of the putative helix (see Figure 58 ). This region could mediate interactions with leucine zipper-containing proteins. In addition to the BTB domain, the mod2.2-and modl.9-encoded proteins also contain a highly acidic domain in the carboxyl terminus that contains 50% Asp or Glu residues. Both the BTB and acidic domains are lacking in the protein encoded by the mod7.8 transcript.
A Mod(mdg4) Protein Interacts with Su(Hw) In Vitro Results from the analysis of genetic interactions between mod(mdg4)"' and various su(Hw) alleles indicate that the mod(mdg4) protein acts through the su(Hw)-binding region, either by binding directly to DNA or, more likely, by interacting with the su(Hw) protein. Todistinguish between these two alternatives, we expressed the protein encoded by the mod2.2 transcript in Escherichia coli by using the pGEX expression vector (Smith and Johnson, 1988) . The glutathione S-transferase-mod(mdg4) fusion protein was purified on a glutathione-Sepharose 48 chromatography column and the protein used for binding studies. Gel shift experiments fail to demonstrate a direct interaction between DNA from the su(Hw)-binding region and mod(mdg4) protein, suggesting that this protein does not interact with DNA (data not shown). We then tested whether mod(mdg4) interacts with su(Hw) by using su(Hw) protein isoiated from an overexpressing Drosophila cell line and partially purified as previously described (Spana et al., 1988) . Su(Hw) protein was applied to a glutathione-Sepharose 48 column in the absence or presence of mod (mdg4) and the proteins retained in the column were eluted with glutathione and subjected to Western blot analysis. Figure 7 shows the results of these experiments. The su(Hw) protein was retained in the column only when previously incubated with mod(mdg4) protein, indicating that these two proteins interact. This interaction is disrupted by high salt concentration (Figure 7 ).
Discussion
Insertion of the gypsy element into the 5' region of the y gene causes the inactivation of transcriptional enhancers located distally from the gypsy insertion site with respect to the y promoter. This results in a tissue-specific mutant phenotype. Only those tissues in which y expression is controlled by enhancers inactivated by the presence of the gypsy element are mutant (reviewed by Corces and Geyer, 1991) . This effect is not caused by gypsy itself but rather by the su(Hw) protein bound to sequences located in the transcribed untranslated region of gypsy (Geyer and Corces, 1992) . The unusual polar effect of su(Hw), i.e., the selective inhibitory effect on distal enhancers while others remain functional, must be a consequence of the idiosyncrasies of enhancer action as well as properties of the su(Hw) protein and the mechanism by which it represses enhancer function. The effects of the su(Hw)-binding region on gene expression can be explained by assuming that these sequences can create a chromosomal insulator that prevents the transmission of the chromatin conformation associated with active chromosomal do mains of gene expression (Roseman et al., 1993; Wolffe, 1994) . This role for su(Hw)-binding sequences is supported by their ability to insulate the expression of a w transgene from chromosomal position effects by neighboring sequences, independent of their location in the genome (Roseman et al., 1993) . The su(Hw)-binding region is thus functionally similar to the specialized chromatin structures located at the junctions between active and inactive chromatin in the Drosophila 87A7 hsp70 locus (Kellum and Schedl, 1991; Kellum and Schedl, 1992) and to the insulator element located in the 5'region of the chicken globin gene (Chung et al., 1993) .
To gain insights into the mechanisms by which the su(Hw) chromosomal insulator affects gene expression, we have initiated a search for other proteins that interact with su(Hw) to carry out this function. Here we describe one such protein, encoded by the mod(mdg4) gene. Mutations in mod(mdg4) enhance the phenotype of gypsyinduced alleles of y as well as other genes (Georgiev and Gerasimova, 1989) . The mod(mdg4)vl allele utilized in these studies is a hypomorph caused by insertion of the Stalker element into the transcription unit of the gene; its phenotypic effect on thegypsy-induced pmutation should be interpreted as a repression of y expression owing to the presence of low levels of mod(mdg) protein. A null allele in mod(mdg4) should have quantitatively stronger but qualitatively similar effects, and for the purpose of this discussion, we will interpret the results as due to the lack of mod(mdg4) protein. The effect of mod(mdg4) on gene expression is specific for gypsy-induced mutations; i.e., it requires the presence of gypsy sequences. The enhancement of the y phenotype is decreased by alterations in the su(Hw)-binding region, suggesting that this sequence is necessary for mod(mdg4) action. Furthermore, the presence of the su(Hw)-binding region is sufficient to elicit mod(mdg4)-mediated repression of y expression, and all other gypsy sequences seem to be dispensable for this effect.
The requirement and sufficiency of the su(Hw)-binding region to mediate repression of y transcription by the absence of mod(mdg4) suggests that this protein acts through these sequences by directly binding to them or by interacting with the su(Hw) protein bound to this region of gypsy. Analysis of the interaction between a su(Hw)-null allele unable to make protein and mod(mdg4) mutations indicates a requirement for a functional su(Hw) protein to mediate the effect of mod(mdg4) on y expression. This result suggests that mod(mdg4) either needs su(Hw) protein to bind to DNA or interacts directly with this protein.
The latter possibility is supported by results from the analysis of the interaction between mod(mdg4~ mutations and su(Hw) alleles affecting various structural domains of the protein, indicating that regions of su(Hw) typically known to mediate protein-protein interactions are essential for the effect of mod(mdg4) on y expression. Furthermore, studies using purified su(Hw) and mod(mdg4) indicate that these two proteins interact in vitro and that the latter does not bind to DNA, supporting the contention that the mod(mdg4) protein exerts its effect on gene expression through interactions with su(Hw). This interaction could take place between the BTB domain of mod(mdg4) and the helix P-basic-leucine zipper region of su(Hw). Since the BTB domain is present in transcription factors that contain an independent DNA-binding region, this motif is a good candidate to mediate protein-protein interactions. In this respect, it is interesting to note the presence of a region within the BTB domain that has a predicted a-helical structure with leucine or other hydrophobic residues in the d position of the putative coiledcoil region. The e and g positions of this coiled coil contain charged residues (see Figure 58 ) that could mediate specific electrostatic interactions as has been proposed for basic-helix-loophelixleucine zipper proteins (Baxevanis and Vinson, 1993) .
If mod(mdg4) interacts directly with su(Hw), then the absence of mod(mdg4) protein in a mod(mdg4) mutant background might result in the exposure of particular domains of the su(Hw) protein that normally interact with the mod(mdg4) protein, areoccluded by it, or both. The su(Hw) protein contains leucine zipper and acidic domains that, in the absence of mod(mdg4) protein, could be free to interact with enhancer-bound transcription factors, other proteins present in the chromatin fiber, or other components of the nuclear framework. Therefore, the bidirectional repressive effect on y transcription observed in mod(mdg4) mutants might be due to the display of su(Hw) domains functional in protein-protein interactions that can now interact with other nuclear components. In support of this model, mutations of su(Hw) that affect these domains are consequential to the phenotypic effects of mod(mdg4) mutations. For example, alterations in the leutine zipper region result in a su(Hw) protein unable to inhibit the function of the wing and body cuticle enhancers, suggesting that this domain is important in carrying out the silencing properties of this protein (Harrison et al., 1993) . In the absence of mod(mdg4) protein, a su(Hw) protein lacking a functional leucine zipper region is unable to repress y transcription further. These two results can be explained if the mod(mdg4) protein interacts with the leucine zipper of su(Hw). In f flies containing wild-type su(Hw) and mod(mdg4) proteins, the specific inhibition of wing and body cuticle enhancer function might actually be the result of the presence of the mod(mdg4) protein bound to su(Hw) through the leucine zipper region. In a mod(mdg4) mutant background, the mod(mdg4) protein is absent, and the leucine zipper is exposed and free to interact with other chromosomal proteins and inhibit y expression in all tissues, thus the null y mutant phenotype of 3; mod(mdg4)u' flies. In the double mutant y$ su(Hw)dzB3 mod(mdg4J", the su(Hw) lacks a functional leucine zipper, and the absence of mod(mdg4) protein has no effect on y expression. This model is supported by results from the analysis of the interaction between mod(mdg4y1 and su(Hw) alleles affecting other regions of the protein. Deletion of the amino-terminal acidic domain of su(Hw) in the su(Hw)dlOo allele has no effect on the polar repression of wing and body cuticle enhancer function (Harrison et al., 1993) . This is expected if this effect, as we have proposed above, is mediated by mod(mdg4) through its interaction with the leucine zipper of su(Hw). In the absence of mod(mdg4) protein in a mod(mdg4)"' mutant background, su(Hw) can repress y transcription in every tissue as predicted if this effect is mediated by the leucine zipper domain, which is intact in the s~(Hw)d'~ product. Nevertheless, the inhibitory effect on y transcription of a su(Hw) protein lacking the amino-terminal acidic domain is not as dramatic as that observed with wild-type su(Hw), suggesting that this region of the protein also plays a role in the bidirectional repressive effect of su(Hw). The same arguments can be used to explain the effects of deletion of the carboxy-terminal acidic region of su(Hw) in the su(Hwy allele.
The bidirectional repressive effect of su(Hw) in the absence of mod(mdg4) is reminiscent of silencing effects observed in yeast mating-type loci (Herskowitz, 1989) , or in silencing effects due to telomeric or other heterochromatic sequences in yeast and Drosophila (Laurenson and Rine, 1992; Sandell and Zakian, 1992; Henikoff, 1992) . This is supported by the characteristic y variegated phenotype observed in y2; mod(mdg4)"' flies. It is possible that su(Hw) is responsible for inducing a heterochromatic chromatin organization that spreads from the su(Hw)-binding region and inhibits enhancer function both upstream and downstream of its location site. The mod(mdg4) proteins might limit the spreading of the heterochromatic organization by establishing a higher order domain of chromatin structure that insulates sequences within the domain from the effects of heterochromatin. This role for the mod(mdg4) proteins is supported by the eff ect of mod(mdg4) mutations on classical position-effect variegated phenotypes caused by rearrangements that bring the w or y genes into close proximity with heterochromatic sequences. The fact that mutations in the mod(mdg4) gene act as enhancers of position effect variegation indicates that the normal role of this protein is to stop the spreading of heterochromatin. The su(Hw) and mod(mdg4) proteins thus play disparate roles in the creation of a chromatin insulator. Further molecular characterization of the mod(mdg4) proteins and the mode of their interaction will shed light on the mechanisms by which these two proteins create boundaries between higher order chromatin domains to regulate gene activity.
Experimental Procedures

Phenotyplc
Analysis
Fly cultures were maintained at 25OC and 75% humidity. They phenotype of different allelic combinations described in the text was quantitated by visual inspection of cuticle preparations under a dissecting microscope.
Coloration of adult cuticular structures was assigned values ranging from that of a null y mutant (minus) to that of wild-type flies (triple plus). These values are used to present the data summarized in Tables 1 and 2. Cuticle preparations were done as previously described (Geyer and Corces, 1992) . In brief, flies were placed 10% potassium hydroxide in a 98"C water bath for 2 min. The flies were rinsed in water and flattened to expel soft tissue. The carcasses were heated an additional minute in 10% potassium hydroxide, boiled for 5 min in water, and dehydrated by passing through 95% ethanol, absolute ethanol, and xyIene. The carcasses were then mounted in Permount. Cuticle structures prepared in this fashion were used for the data presented in Figure 2 , whereas photographs presented in Figure 4 were taken from unprocessed flies. The effect of mod(mdg4) on the phenotype of WN was analyzed in males and females by using the following strategy.
Females of the genotype C(1)DX, y r; mod(mdg4)u' were crossed to f wm males; F, males of the genotype f w"u; mod(mdgrl)"'/+ were crossed to c(?)DX, y r; mod(mdg4)"' females, and male progeny of the genotype 3 w"*; mod(mdg4)"' were identified by the enhancement of they* phenotype and analyzed for their eye coloration.
Similar crosses were used to obtain w"u; mod(mdg4y7 females.
Iaolatlon and Enzymology of Nucleic Acids
Isolation of plasmid DNA, construction and screening of 5 libraries, and DNA labeling and enzymology were carried out by standard procedures (Sambrook et al., 1989) . Genomic DNA from Drosophila adults was prepared as previously described (Parkhurst and Corces, 1966) . Total RNA was extracted from adult animals by using the SDS-phenol technique (Spradling and Mahowald, 1979) . Samples were homogenized in 10 ml of 10 mM Tris-HCI (pH 7.4) 100 mM NaCI. I mM EDTA. 0.5% SDS, and the homogenate was extracted several times with phenol-chloroform followed by chloroform extraction. Poly(A)+ RNA was then isolated by chromatography on oligo(dT)-cellulose and separated on 1.2% formaldehyde (2.2 M)-agarose gels (7 ug of RNA/lane) in morpholinepropanesulfonic acid (MOPS) buffer (20 mM Na-MOPS [pH 6.51. 5 mM sodium acetate, 1 mM EDTA). transferred to Nytran membranes (Schleicher and Schuell), and incubated with "P-labeled probes. The DNA fragment used as hybridization probe to detect mod(mdg4)-encoded transcripts was obtained by digestion of cDNA clone mod2.2 with EcoRI. The probe used to detect the ms2 transcript was obtained by digestion of clone pUC&HB-1.2 kb with BamHl and Hindlll (Bishop and Corces, 1966) . Nucleotide sequences were determined by the dideoxy chain termination method (Sanger et al., 1977) .
